Abstract-We present a comprehensive study of the transport dynamics of electrons in the ternary compounds, Al Ga 1 N and In Ga 1 N. Calculations are made using a nonparabolic effective mass energy band model, Monte Carlo simulation that includes all of the major scattering mechanisms. The band parameters used in the simulation are extracted from optimized pseudopotential band calculations to ensure excellent agreement with experimental information and ab initio band models. The effects of alloy scattering on the electron transport physics are examined. The steadystate velocity field curves and low field mobilities are calculated for representative compositions of these alloys at different temperatures and ionized impurity concentrations. A field dependent mobility model is provided for both ternary compounds AlGaN and InGaN. The parameters for the low and high field mobility models for these ternary compounds are extracted and presented. The mobility models can be employed in simulations of devices that incorporate the ternary III-nitrides.
makes them highly attractive for both optoelectronic and electronic devices [1] [2] [3] [4] [5] [6] [7] . The large band gap energy of the III-nitrides insures that the breakdown electric field strength of these materials is much larger than that of either Si or GaAs [8] , [9] , enabling, at least in principle, much higher maximum output power delivery in power amplifiers. Additionally, it has been found that at least the binary compounds, GaN and InN, have higher electron saturation drift velocities and lower dielectric constants that can lead to higher frequency performance of devices made from these materials [10] .
The fact that GaN, InN and AlN, can form Type I heterojunctions with their related ternaries provides an additional advantageous quality for device design. Type I heterojunctions enable modulation doping techniques and their exploitation in MODFET devices. In addition, the lattice mismatch between GaN and the ternary compound AlGaN in appropriately designed structures produces strain induced polarization fields [11] , [12] . These strain induced polarization fields can alter the band bending and carrier concentration at the heterointerface. In this way, the free carrier concentration can be increased within the channel region of a heterojunction field effect transistor, HFET, beyond that achievable by modulation doping alone [13] . The strain induced polarization fields can be further exploited to enhance the base conductivity in HBTs [14] , and to alter the local impact ionization rates in a multiquantum well structure [15] .
For the above stated reasons, the III-nitride materials are of great interest for power FET and optoelectronic device structures. To clarify the expected performance of these materials, transport as well as device studies are critical. Though there has been recent theoretical [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and experimental [28] [29] [30] [31] [32] work on the transport properties of the binary compounds and their related devices [33] [34] [35] , there has been little information about the transport properties of the ternary compounds [36] . It is the purpose of this paper to provide a comprehensive Monte-Carlo-based study of the key, low field, transport parameters of the III-nitride ternary compounds useful in device level simulation. Specifically, we present Monte-Carlo-based calculations of the electronic mobility and steady-state velocity field curves for various compositions of the InGaN and AlGaN ternary compounds. Using the parameters evaluated herein, simulation of devices that include the III-nitride ternary compounds can now proceed. 
II. ELECTRONIC STRUCTURE, SCATTERING MODELS AND OTHER PARAMETERS
Electronic transport is studied using the ensemble Monte Carlo simulation. The band structures of the materials under study are approximated with an analytical formulation using nonparabolic spherical valleys. Though usage of an analytical band structure is questionable at high-applied electric field strengths wherein impact ionization can occur, we adopt its usage here for the following reasons. First, due to the large number of compositions examined, it is too computationally expensive to utilize full band models with their concomitant numerically derived scattering mechanisms. Second, we have found that the analytical model well reflects the low field dynamics critical for assessing the carrier mobility. Since we restrict our work here only to low field phenomena, an analytical band structure is satisfactory. For each material four nonequivalent valleys have been included, as shown in Fig. 1 . The primary valley for all materials occurs at . The secondary minima included in the simulation are located at U, K, and . It should be noted that their relative energy ordering varies among the materials studied. The U minima are located between the M and L symmetry points, and consist of six equivalent valleys. The K minima consist of two equivalent valleys. The electron energy dependence as a function of wave-vector in each valley is approximated using a first order nonparabolic relation. The band structure data used in these calculations have been determined from a novel adaptation of the pseudopotential method. For each constitutive atom in the compounds, the effective potentials are optimized using an iterative scheme in which the band structures are recursively calculated and selected features are compared to experimental and/or ab initio results. Using this technique, we have obtained an updated, highly accurate description of the band structures of the binary compounds. The band structures of the ternary compounds are determined from the binaries using the virtual crystal approximation. The nonparabolicity factors, effective masses and intervalley energy separations for the binary compounds, AlN, GaN, and InN wurtzite phase materials have been reported in [37] . The same parameters have been reported in [38] for the ternary compounds, Al Ga N, In Ga N, and In Al N. The scattering mechanisms included within the simulation are: acoustic phonon scattering, nonpolar optical phonon (equivalent and nonequivalent intervalley) scattering, polar optical phonon scattering, ionized impurity scattering, piezoelectric scattering, and alloy scattering [39] . The scattering parameters for the binaries are taken from [40] [41] [42] [43] [44] [45] [46] [47] . The scattering parameters for the ternary alloys are determined using linear interpolation. The parameters used in the calculations are reported in Table I for convenience. In the case of alloy scattering, the scattering rate is given as (1) where volume of the primitive cell of the direct lattice; random alloy potential; alloy mole fraction; density of states. Different interpretations for the choice of the random alloy potential have been given in the past. Littlejohn et al. [48] have used the conduction band offset (equal to the difference in the affinities) to represent the random scattering potential. Chin et al. [49] have determined the random potential from band gap bowing parameters and applying Phillips' theory of electronegativity differences [50] . In accordance with our previous work [51] , we have made two sets of simulations to bracket the effect of alloy scattering. One set of simulations has been made using the alloy scattering potential calculated from whichever method that produces the highest value, to account for the worst case, i.e., strongest alloy scattering. In the other set of simulations the random alloy potential has been set to zero in order to account for the best case, i.e., no alloy scattering. The conduction band offsets have been calculated from the difference of the energy gaps using the known valence band offsets [52] . It was observed that calculation of the random potential from the conduction band offsets results in higher potentials than those calculated from the electronegativity differences. Therefore, the conduction band offsets were used to represent the random alloy potential in the first set of simulations.
III. CALCULATED RESULTS
The steady-state electron drift velocity versus electric field has been calculated for the nitride binaries and ternaries at different temperatures and various doping concentrations. However, due to space limitations, we include results only for an ambient temperature of 300 K and an electron concentration of 10 cm . The low field mobility has been included at different temperatures and electron densities. In all cases the results for In Al N have been excluded for brevity in favor of the more important Al Ga N, and In Ga N materials. Fig. 2 shows the calculated electron steady-state drift velocity versus applied electric field, for GaN, Al Ga N, Al Ga N, Al Ga N, and AlN materials. This set of calculations is made assuming the maximum alloy scattering rate. In this way, we can bracket the effect of alloy scattering by The most striking difference is the effect of alloy scattering. It is observed that alloy scattering becomes the dominant scattering mechanism in these materials under the present simulation conditions, when the random alloy potential is set to the conduction band offset between GaN and AlN. A significantly lower drift velocity is observed when alloy scattering is present which is simply a result of the higher total scattering rate. Moreover, in the presence of alloy scattering the peak velocity occurs at a higher applied field compared to the case when alloy scattering is neglected. This is also due to the fact that in the presence of alloy scattering, the total scattering rate is higher; thus a higher field is required to heat the carriers prior to the onset of intervalley transfer. It should be mentioned that the calculated drift velocities for GaN and AlN, as shown in Fig. 2 , are slightly different than what we have previously reported [18] , [19] . These differences are mainly due to the updated band structure parameters used in this study. Additionally, we have included piezoelectric scattering, which had been assumed to be negligible in some of the earlier calculations [19] . It should also be mentioned that if the bowing parameters are small, the Phillip's theory of electronegativity differences is consistent with a very small alloy scattering potential [49] . Our recent calculations [38] indicate that the bowing parameters may indeed be small. Under these conditions, the alloy scattering becomes negligible and the electron drift velocity as a function of the applied field approaches those shown in Fig. 3 . Fig. 4 shows the calculated electron drift velocity versus applied electric field for the GaN, In Ga N, In Ga N, In Ga N, and InN materials. The random alloy potential is set equal to the conduction band offsets. Similar to the case of the Al Ga N system, a second set of simulations, with zero alloy scattering is made in order to bracket the effect of alloy scattering. The Calculated electron drift velocity versus applied electric field for GaN, Al Ga N, Al Ga N, Al Ga N, and AlN. For this calculation, the random alloy potential was set equal to conduction band offsets. Lattice temperature is at 300 K, and electron concentration is equal to 10 cm . Fig. 3 . Calculated electron drift velocity versus applied electric field for GaN, Al Ga N, Al Ga N, Al Ga N, and AlN. For this calculation, the random alloy potential was set to zero. Lattice temperature is at 300 K, and electron concentration is equal to 10 cm . results of the latter calculation for the electron drift velocity are shown in Fig. 5 . Similar comparisons and arguments applied to the case of Fig. 2 versus Fig. 3 also apply here. However it should be mentioned that for the In Ga N compound that the random alloy scattering potential calculated from Phillips' theory of electronegativity differences results in values on the same order as the conduction band offsets. Therefore if these values are used to calculate the alloy scattering, the results would be closer to that shown in Fig. 4 .
It might be thought that since the electron peak velocity of InN is higher than that of GaN, it should also be higher than that of In Ga N. However, Fig. 5 shows a higher peak velocity in In Ga N and In Ga N, than that of InN. This arises from the fact that the peak velocity depends nonlinearly on the electron mobility in the lowest valley and the energy separation between this valley and the secondary valleys. By changing the In mole fraction in In Ga N from 1 to 0, the mobility decreases from that of InN to that of GaN, however the energy separation between the lowest valley and secondary valleys increases. Due to the nonlinear dependence of the peak velocity on these two factors, an initial increase followed by a decrease in the peak velocity with increasing Ga composition is observed, as shown in Fig. 5 .
The low field electron mobility is also calculated for the binary compounds, and the ternaries, Al Ga N and In Ga N ( , 0.5, 0.8). For Al Ga N and In Ga N the mobility is calculated for the two bracketing conditions of no alloy scattering and alloy scattering based on the affinity differences. In order to calibrate our calculations it is useful to begin with a comparison to previous theoretical and experimental studies. Other Monte Carlo studies [53] , [54] predict an electron mobility in bulk GaN as high as 900 cm /Vs at cm and 300 K. Our calculation for the mobility in GaN at the same doping concentration and temperature yields cm /Vs, in reasonable agreement. A mobility greater than 800 cm /Vs has been reported experimentally at this doping concentration and temperature in GaN [55] . At higher doping concentrations, cm , our model predicts a mobility of about 440 cm /Vs in comparison to experimental measurement of 300 cm /Vs [56] . Most experimental measurements apply more to a heterostructure system wherein parallel transport issues are important thus complicating comparison to bulk studies [24] . Additionally, most experimental studies are of the Hall mobility rather than the drift mobility. Direct comparison of drift mobility calculations to Hall measurements is frustrated by the high variability of the Hall factor, which is a function of the dislocation density [20] . Therefore, since dislocations are not included in the present calculations, nor known in the experimental measurements, it is difficult to provide close comparison. To the authors' knowledge no experimental mobility data exist for the ternary compounds, for AlN, and for low doped InN. The present calculations differ somewhat from our earlier full band Monte Carlo results [25] . Some of the difference is attributable to the fact that the present calculations are made using optimized band structures [37] , which were not available earlier. The scattering rates are also somewhat different between the two models. In the full band simulation, the scattering rate is treated numerically at energies greater than 0.9 eV, while in the present, analytical calculations, the scattering rates are analytical for all energy ranges. It is expected that these differences in band structure and scattering rates account for the differences in the calculated velocities. Table II lists the calculated low field mobilities for the binary and ternary compounds at a lattice temperature of 300 K, and a set of ionized impurity concentrations of 10 cm , 10 cm , and 10 cm . As expected, as the impurity concentration increases, the mobility decreases monotonically. In addition, the mobility decreases monotonically from InN to GaN, and from GaN to AlN in the absence of alloy scattering. However, when alloy scattering is included, the minimum mobility can be at the intermediate ternary composition, where alloy scattering is at its maximum. Table III lists the calculated low field mobilities determined with ionized impurity concentrations of 10 cm , and a set of lattice temperatures of 300 K, 450 K, and 600 K. For comparison, the mobilities corresponding to a lattice temperature of 300 K and an ionized impurity concentration of 10 cm have been repeated from Table II. As can be seen from the table, the mobility decreases monotonically with increasing temperature due to the enhanced scattering rate. Again it is observed that for Al Ga N and In Ga N, that the inclusion of alloy scattering can potentially have a major effect on the low field mobility for the temperature range studied here. It is useful to formulate an expression for the mobility of the ternary compounds that can be used for device simulation. The general expression for the low field mobility that is typically used in drift-diffusion simulations is given as (2) (3) In (2), is the temperature, is the total doping density, and , , , are parameters that can be determined either from experiment or from Monte Carlo simulation. In this case, we have used the Monte Carlo simulation to determine these parameters. We have extracted these parameters by a least squares fit of (2), to mobility data obtained from our Monte Carlo calculations. The extracted parameters for the representative compositions of the ternary compounds are shown in Table IV .
No preexisting mobility model provides a satisfactory description of the field dependence of the Monte Carlo calculated GaN mobility. Therefore, a new field dependent mobility model has been developed which is given by (3) where is the low field mobility as expressed in (2) . There are five parameters in the new model, which are determined from a least squares fit to the results of our Monte Carlo simulation. These parameters are , , , and . The values of these parameters, extracted for both ternary compounds for the two bracketing cases of alloy scattering, are shown in Table V .
IV. CONCLUSIONS
We have presented a comprehensive study of the low field electron transport dynamics in the III-nitride ternary compounds, Al Ga N and In Ga N. The calculations are made using a nonparabolic effective mass band model, ensemble Monte Carlo simulation. The band parameters used in the calculation are extracted from a pseudopotential band structure calculation optimized to yield excellent agreement with experimental data and ab initio band structure models. The Monte Carlo model includes all of the important scattering mechanisms. Owing to the fact that there is no generally accepted theory of alloy scattering, we bracket its effects on the calculations by considering two extreme cases. The maximum and minimum influence of alloy scattering is examined by studying the transport without alloy scattering and with alloy scattering using the largest predicted value of the random alloy potential. Making worst case assumptions, it is found that alloy scattering can become dominant.
Calculations of the steady-state velocity field curves are presented for the binary and some representative compositions of the III-nitride ternary compounds, In Ga N and Al Ga N. The inclusion of alloy scattering greatly influences the transport dynamics greatly changing the peak velocity and threshold electric field. We have further provided calculations of the low field mobility for the binary and ternary compounds. Using these calculations, we have derived a formula for the low field mobility that reflects the influence of temperature and ionized impurity concentration. In addition, we have also provided a field dependent model of the carrier mobility including parameters for the ternary compounds. Excellent agreement between the model and the Monte Carlo calculations has been obtained. The field dependent mobility model provides a highly useful and accurate description of the electron mobility in the III-nitride ternary compounds that can be incorporated into semiconductor device simulators.
Finally, it should be mentioned that the paucity of experimental data renders it presently impossible to fully calibrate our calculations. In addition, most of the experimental data for the electron mobility is determined through Hall measurements making direct comparison of the drift mobility difficult. Nevertheless, where possible we have provided comparison of our model to other calculations and experiments indicating good agreement. In addition, some clear trends have been identified that suggest interesting experiments. The effect of alloy scattering on the transport predicted by the model is obvious. The calculations predict that if alloy scattering is weak, a monotonic progression in the velocity field curves from one binary to the other occurs. However, if the alloy scattering is strong, the ternary compounds all exhibit peak velocities below that of the constituent binaries. Similar behavior occurs for the mobility. He is a Professor of electrical and computer engineering at the Georgia Institute of Technology, Atlanta, GA, where he has been since 1984. His research interests lie in the general area of semiconductors and microelectronics, with a particular emphasis on the physics and device application of emerging semiconductor materials for future high-power, high-frequency and photonic detection applications. His research experience includes the design, evaluation and optimization of infrared, optical and ultraviolet photonic detectors and emitters. He has published numerous papers in scientific peer reviewed journals, has five U.S. patents, and is the author of The Physics of Semiconductors with Applications to Optoelectronic Devices (Cambridge, U.K.: Cambridge University Press, 1999). Giovanni Ghione (SM'94) graduated in electronics engineering from Politec
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